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1  |   INTRODUCTION

The combined application of voluntary aerobic exercises 
and neuromuscular electrical stimulation (NMES) has re-
cently been developed and recognized as a new form of 

exercise (Paillard, 2008; Paillard, 2018; Kemmler et al., 2010; 
Kemmler et al., 2012). Motor units are orderly recruited from 
low-threshold motor units during voluntary exercises, while 
NMES induces preferential recruitment of high-threshold 
motor units or random-order recruitment of low- and 
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Abstract
The combined application of voluntary exercises and neuromuscular electrical stimu-
lation (NMES) has been developed as a new type of exercise that can recruit motor 
units contributing to both aerobic and anaerobic energy metabolisms. We aimed to 
investigate the effect of voluntary exercise intensity on metabolic responses on the 
combination of voluntary exercise and NMES. In 13 volunteers, oxygen consump-
tion and the blood lactate concentration were measured during (1) voluntary pedaling 
exercise at four different intensities: 50%, 75%, 100%, and 125% of the ventilatory 
threshold (VT) (VOL), (2) these voluntary exercises with superimposed NMES ap-
plied to the gluteus and thigh muscles (VOL+NMES), and (3) NMES only (NMES). 
Oxygen consumption and the blood lactate concentration in VOL+NMES were sig-
nificantly greater than VOL at each exercise intensity (p < 0.05). Differences in oxy-
gen consumption between VOL+NMES and VOL decreased with exercise intensity, 
and that at 125% VT was significantly lower than the net gain in oxygen consumption 
following NMES (p < 0.05). Differences in the blood lactate concentration between 
VOL+NMES and VOL increased with exercise intensity, and that at 50% VT was sig-
nificantly lower than the net gain in the blood lactate concentration following NMES 
(p < 0.05). Our results suggest that voluntary exercise intensity has a critical impact 
on metabolic responses during the combined application of voluntary exercises and 
NMES. Superimposing NMES onto voluntary exercises at high exercise intensities 
may induce overlapping recruitment of motor units, leading to a markedly reduced 
benefit of additional metabolic responses on its superimposition.
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high-threshold motor units (Bickel et al., 2011; Gregory & 
Bickel, 2005; Jubeau et al., 2007). Thus, the combination 
of voluntary exercise and NMES should activate the motor 
units which are recruited during both low- and high-intensity 
exercises, and thereby could induce metabolic responses of 
low- and high-intensity exercises simultaneously. This hybrid 
method may be useful for older adults and patients with met-
abolic diseases, that is, type 2 diabetes mellitus, who require 
high-intensity exercises such as resistance exercises for mus-
cle hypertrophy and the control of blood glucose and insu-
lin resistance, in addition to low-intensity aerobic exercises 
(Kemmler et al., 2014, 2018). The combined application of 
voluntary aerobic exercises and NMES could also be conve-
nient for people who do not have opportunities to perform 
both aerobic and resistance/anaerobic exercises due to time 
constraints.

Previous studies, including our work, already reported 
that the combined application of NMES and voluntary aero-
bic exercises can increase oxygen consumption and enhance 
glucose metabolism because of the additional NMES-elicited 
recruitment of motor units that are not activated for given vol-
untary exercises and/or high-threshold motor units (Kemmler 
et al., 2012; Watanabe et al., 2014, 2019). On the other hand, 
the benefit of superimposing NMES onto voluntary exercises 
would be reduced with high-intensity, anaerobic, or resistance 
exercises in terms of the additional recruitment of motor units 
and its induced metabolic responses, since any additional re-
cruitment of motor units by superimposing NMES is theo-
retically impossible when all motor units are fully recruited, 
as in the case of maximal voluntary contraction (Hortobagyi 
et al., 1992; Koutedakis et al., 1995). Therefore, it is reason-
able to consider that physiological responses and the benefits 
of combining voluntary aerobic exercises with NMES would 
be influenced by the intensity of the voluntary exercises.

The aim of the present study was to investigate the effect 
of voluntary exercise intensity on metabolic responses during 
the combined application of voluntary pedaling exercise and 
NMES. We hypothesized that increases/changes in metabolic 
responses following the superimposing of NMES would be 
attenuated during high-intensity voluntary exercise exceed-
ing the anaerobic threshold because of the overlapping re-
cruitment of motor units/muscle fibers with high-recruitment 
thresholds between voluntary exercise and NMES.

2  |   Methods

2.1  |  Participants

Thirteen healthy young adults (age: 21.2 ± 1.0 years, height: 
168.0 ± 5.7 cm, body mass: 57.4 ± 5.7 kg, 10 men and 3 
women) volunteered for the present study. They did not par-
ticipate in regular endurance/strength training or competitive 

athletic events. All subjects gave written informed con-
sent for the study after receiving a detailed explanation of 
the purposes, potential benefits, and risks associated with 
participation. They were healthy with no history of any 
metabolic, musculoskeletal, or neurological disorders. 
All study procedures were conducted in accordance with 
the Declaration of Helsinki and research code of ethics of 
Chukyo University, and were approved by the Committee 
for Human Experimentation of Chukyo University (2017–
002 and −057).

2.2  |  Design

Subjects visited the laboratory four times, separated by at 
least 48-h intervals. On the first day, an exercise tolerance 
test using a cycle ergometer (75XL II; Combi) was performed 
to determine the exercise intensity at the ventilatory thresh-
old (VT) and peak oxygen consumption for each participant. 
The workload in the exercise tolerance test was increased by 
15  W every 1  min starting from 60  W for men and 40  W 
for women. The participants were instructed to maintain the 
pedaling exercise at a 60-rpm cadence until reaching a point 
meeting one of two criteria: (a) oxygen consumption (VO2) 
reached a steady-state despite a load increase or (b) subjects 
could not maintain pedaling at 60  rpm, to determine peak 
oxygen consumption. VT was estimated using respiratory 
gas exchange parameters, for example, the point of depar-
ture from linearity in VE and VO2, an abrupt increase of the 
expiratory O2 fraction, a systematic increase in the ventila-
tory equivalent for O2 (VE/VO2) without any increase in the 
ventilatory equivalent for CO2 (VE/VCO2), and a systematic 
increase in the end-tidal O2 partial pressure (PETO2) without 
any decrease in the end-tidal CO2 partial pressure (PETCO2) 
(Raven et al., 2014; Wasserman, 1984).

On the second day, NMES was administered in a supine 
position on a bed without performing any voluntary contrac-
tions for 3 min (NMES). NMES was applied to anterior and 
posterior thigh muscles and gluteus muscles using a custom-
made stimulator based on a commercially developed NMES 
device (SIXPAD, MTG Ltd., Nagoya, Japan) (Watanabe 
et al., 2017, 2019) and silicon-rubber electrodes covered by 
wet patches of material fixed on the inside of fitted shorts 
(Figure 1) (Watanabe et al., 2019). NMES for all electrode 
pairs was synchronized and biphasic square current pulses 
with a 100-μs duration were then constantly applied with a 
4-Hz stimulation frequency. The NMES intensity was set at 
the maximum intensity at which participants could perform 
the pedaling movements without discomfort or stress (50 V 
and 4.85 mA).

On the third and fourth days, the participants performed 
pedaling exercise on a cycle ergometer at four different work-
loads: 50%, 75%, 100%, and 125% of VT. Each exercise was 
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performed for 3 min at a 60-rpm cadence. The order of the 
four different workloads on the third or fourth day was ran-
domized and >20-min rest intervals were set between the 
exercises. The participants performed pedaling exercise as 
voluntary exercise (VOL) without superimposed NMES on 
the third day and NMES was superimposed onto these ped-
aling exercises (VOL+NMES) on the fourth day. Parameters 
of NMES were the same as those on the second day and were 
not changed across the different intensities in VOL+NMES.

2.3  |  Measurements

During all exercises on the first to fourth days, expired gas 
was measured from a mask covering the mouth and nose 
using the breath-by-breath method (AE310S, Minato Medical 
Science Co., Ltd.) (Watanabe et al., 2014, 2019). VO2 rela-
tive to the body mass and the respiratory gas exchange ratio 
(RER) were calculated from the expired gas sampled for the 
final 1 min of 3-min exercises. The blood lactate concentra-
tion was measured from two 5-μL samples of blood obtained 

from the fingertip just before and after the exercises with the 
lactate oxidase method using an automated analyzer (Lactate 
Pro; Arkray) (Watanabe et al., 2014, 2019). We also meas-
ured the rate of perceived exertion (RPE) on a Borg scale just 
before the end of each exercise for VOL and VOL+NMES.

2.4  |  Data and statistical analyses

All data are presented as the mean and standard deviation. 
Before the statistical analysis, the normality of the data dis-
tribution was tested by the Shapiro–Wilk test. When a nor-
mal distribution was confirmed, parametric tests were used 
for further analysis. Nonparametric analysis was used when 
a normal distribution was not confirmed. To test the effects 
of additional NMES and exercise intensity and their inter-
action, two-way repeated-measures ANOVA (with/with-
out NMES vs. exercise intensity) was applied to oxygen 
consumption and the blood lactate concentration for VOL 
and VOL+NMES. Oxygen consumption and the blood lac-
tate concentration were also compared between VOL and 

F I G U R E  1   Electrodes for neuromuscular electrical stimulation attached to the inside of shorts. (A), (B), and (C) indicate electrode pairs for 
quadriceps femoris, hamstrings, and gluteus muscles, respectively.



4 of 9  |      WATANABE et al.

VOL+NMES at each exercise intensity by the paired t-test. 
To test the effect of the exercise intensity on RER for VOL 
and VOL+NMES, Friedman's test was used since the data 
distribution was not normal. RER and RPE at each exercise 
intensity were compared between VOL and VOL+NMES 
by the Wilcoxon signed-rank test. To quantify the effect of 
superimposing NMES onto voluntary exercise, differences 
between VOL and VOL+NMES in oxygen consumption 
and the blood lactate concentration were calculated and com-
pared with differences between NMES and the resting condi-
tion (net gains following NMES) with the same parameters 
using the paired t-test. Also, differences between VOL and 
VOL+NMES in oxygen consumption and the blood lactate 
concentration were compared among the exercise intensities 
by Tukey's HSD test following one-way repeated-measures 
ANOVA. In order to confirm the physiological conditions 
before the session, blood lactate concentrations before the 
session were also compared among the different exercise in-
tensities within VOL or VOL+NMES by Friedman test and 
between VOL or VOL+NMES at each intensity by Wilcoxon 
signed-rank test.

To test the effect size, the eta-squared statistic (η2), the 
Kendall's W test (W), Cohen's index (d), and correlation 
coefficient were analyzed for one- and two-way repeated-
measures ANOVA, Friedman test, paired t-test, and Wilcoxon 
signed-rank test (Tomczak & Tomczak, 2014). We also cal-
culated statistical power for post hoc tests after ANOVA tests 
and Friedman test (Vincent, 2005).

All statistical analyses were performed using SPSS soft-
ware (SPSS version 11.5; SPSS).

3  |   RESULTS

The mean peak oxygen consumption (VO2 peak) was 
44.8 ± 6.0 mL/min/kg. The mean percentage of peak oxy-
gen consumption and workload at VT were 63.4 ± 5.2% and 
124.6  ±  19.2  W, respectively. The exercise intensities at 
50, 75, 100, and 125% of VT were 62.3 ± 9.6, 93.5 ± 14.4, 
124.6 ± 19.2, and 155.8 ± 24.0 W, respectively.

Oxygen consumption, the blood lactate concentration, and 
RER for VOL and VOL+NMES are shown in Figure 2. There 
were significant interactions (with/without NMES vs. exercise 
intensity) and significant effects of NMES and exercise inten-
sity on oxygen consumption (p < 0.05, η2 = 0.07) and the blood 
lactate concentration for VOL and VOL+NMES (p  <  0.05, η2 = 0.058) (upper and middle panels in Figure 2). Significant 

F I G U R E  2   Oxygen consumption, blood lactate concentration, 
and respiratory gas change ratio (RER) for voluntary pedaling 
exercise (VOL) and the combination of voluntary pedaling exercise 
and neuromuscular electrical stimulation (VOL+NMES) at various 
exercise intensities. * p < 0.05 interaction with/without NMES vs. 
exercise intensity, # p < 0.05 between VOL and VOL+NMES.
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differences between VOL and VOL+NMES were observed 
in oxygen consumption at all exercise intensities (p  <  0.05, 
d = 1.28, 0.75, 0.62, and 0.39 for 50%, 75%, 100%, and 125%) 
(upper panel in Figure 2) and the blood lactate concentration 
at 75%, 100%, and 125% of VT (p < 0.05, d = 0.35, 0.95, and 
0.74 for 75%, 100%, and 125%) (middle panel in Figure 2). 
For RER, significant effects of exercise intensity were noted 
for both VOL and VOL+NMES (p < 0.05, W = 8.47 and 8.15 

for VOL and VOL+NMES), and significant differences be-
tween VOL and VOL+NMES were detected at 50%, 100%, 
and 125% of VT (p < 0.05, r = 0.58, 0.85, and 0.84 for 50%, 
100%, and 125%) (lower panel in Figure 2).

Oxygen consumption for VOL and VOL+NMES corre-
sponded to 43.8 ± 4.6 and 51.9 ± 5.6% of the VO2 peak at 
50% of VT, 58.2 ± 6.9 and 64.4 ± 6.6% of the VO2 peak at 
75% of VT, 70.6 ± 8.2 and 77.1 ± 6.8% of the VO2 peak at 

F I G U R E  3   Differences in oxygen 
consumption (upper panel) and the blood 
lactate concentration (lower panel) between 
neuromuscular electrical stimulation 
(NMES) and the resting condition (left 
gray bars) and between voluntary pedaling 
exercise (VOL) and the combined 
application of voluntary pedaling exercise 
and neuromuscular electrical stimulation 
(VOL+NMES) (Black bars). * p < 0.05 
between the intensities, # p < 0.05 vs. 
NMES.
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100% of VT, and 83.8 ± 7.5 and 88.0 ± 7.8% of the VO2 
peak at 125% of VT, respectively. There were no significant 
differences in RPE between VOL and VOL+NMES at each 
exercise intensity (p > 0.05).

For NMES, oxygen consumption, the blood lactate con-
centration, and RER were 6.9 ± 0.8 mL/min/kg (15.6 ± 1.5% 
of VO2 peak), 2.7 ± 0.7 mmol/L, and 0.92 ± 0.07, respectively.

Significant effects of exercise intensity were observed re-
garding differences in oxygen consumption and the blood lac-
tate concentration between VOL and VOL+NMES (p < 0.05, 
η2 = 0.236 and 0.207 for oxygen consumption and the blood 
lactate concentration) (Figure 3). The difference in oxygen 
consumption between VOL and VOL+NMES at 125% of 
VT was significantly lower than those at 50% and 100% of 
VT (p < 0.05, d = 0.22 and 0.26 for 50% and 100%) (upper 
panel in Figure 3). Significantly greater differences in the 
blood lactate concentration between VOL and VOL+NMES 
at 125% of VT were noted when compared with those at 50 
and 75% of VT (p < 0.05, d = 0.14 and 0.06 for 50 and 75%) 
(Lower panel in Figure 3). The difference in oxygen con-
sumption between VOL and VOL+NMES at 125% of VT 
was significantly lower than that in oxygen consumption be-
tween NMES and the resting condition (p < 0.05, d = 1.27) 
(Upper panel in Figure 3). The difference in the blood lactate 
concentration between VOL and VOL+NMES at 50% of VT 
was significantly lower than that in the blood lactate concen-
tration between NMES and the resting condition (p < 0.05, 
d = 0.99) (Lower panel in Figure 3).

There were no significant effects of exercise intensity and 
no significant differences between VOL and VOL+NMES 
in blood lactate concentration before the sessions (p > 0.05) 
(VOL: 1.23 ± 0.23, 1.28 ± 0.23, 1.22 ± 0.25, and 1.08 ± 0.27 
at 50%, 75%, 100%, and 125% of VT, VOL+NMES: 
1.39 ± 0.26, 1.38 ± 0.37, 1.29 ± 0.35, and 1.30 ± 0.35 at 
50%, 75%, 100%, and 125% of VT).

Statistical power for oxygen consumption, the blood 
lactate concentration, RER, and RPE in comparison be-
tween VOL and VOL+NMES were 78.6 ± 15.6, 70.1 ± 8.4, 
60.6 ± 16.0, and 86.8 ± 11.7. For comparisons in differences 
between VOL and VOL+NMES at 50%, 75%, 100%, and 
125% of VT and its differences between NMES and the rest-
ing condition, statistical power for oxygen consumption, the 
blood lactate concentration were 84.8 ± 8.2 and 78.0 ± 15.9.

4  |   DISCUSSION

Increases in oxygen consumption following the superim-
posing of NMES onto voluntary exercise were noted in the 
present study regardless of the voluntary exercise inten-
sity (upper panel in Figure 2). This result is in agreement 
with previous studies (Kemmler et al., 2012; Watanabe 
et al., 2014, 2019) and could be explained by the additional 

recruitments of motor units and muscle fibers that were not 
activated during the given voluntary exercises. Our study 
also showed that increments in oxygen consumption fol-
lowing the superimposed NMES were influenced by the 
voluntary exercise intensity (significant interaction in with/
without NMES vs. exercise intensity) (upper panel in Figure 
2), and the increment in oxygen consumption at 125% of VT 
was significantly lower than those at lower exercise inten-
sities (upper panel in Figure 3). These results support our 
hypothesis that increases in metabolic responses following 
the superimposing of NMES would be attenuated during 
high-intensity voluntary exercises. Moreover, we observed 
significantly lower differences in oxygen consumption be-
tween VOL and VOL+NMES at 125% of VT compared 
with the net oxygen consumption of NMES, estimated from 
the difference in oxygen consumption between NMES and 
the resting condition (p < 0.05) (upper panel in Figure 3). 
This means that the gain in metabolic responses following 
the superimposing of NMES was lost when the voluntary 
exercise intensity exceeded the anaerobic threshold, and this 
may reflect a failure of NMES-elicited muscle contractions 
due to overlapping recruitment of motor units between vol-
untary exercise and NMES. Previous studies suggested that 
superimposed NMES cannot induce additional muscle con-
tractions during maximal voluntary contraction, which fully 
recruits all motor units/muscle fibers (Hortobagyi et al., 1992; 
Koutedakis et al., 1995). Also, from the results of glycogen 
depletion measured in human vastus lateralis muscles dur-
ing pedaling exercises, it could be estimated that slow-twitch 
muscle fibers are activated throughout low to high exercise 
intensities, while fast-twitch muscle fibers are recruited from 
50% of VO2 max, and all muscle fibers are fully recruited 
at over 75% of VO2 max (Vollestad & Blom, 1985). Since 
oxygen consumptions at 50%, 75%, 100%, and 125% of VT 
corresponded to 44%, 58%, 71%, and 84% of VO2 peak for 
VOL in the present study, respectively, we considered that 
most muscle fibers would be recruited from 75% of VT and 
be fully activated at 125% of VT in the present study. We 
thus concluded that the superimposed NMES during volun-
tary exercise over the anaerobic threshold, that is, VT, would 
not elicit additional motor unit recruitment/muscle fiber con-
tractions or associated enhancements of metabolic responses.

The blood lactate concentration and RER during NMES in 
the present study closely mimicked responses to voluntary ex-
ercises at middle to high exercise intensities, although oxygen 
consumption during NMES was very low (6.9 ± 0.8 mL/min/kg 
gross; approximately 3.4 mL/min/kg net). Similar results were 
observed in previous studies (Hamada et al., ,2003; Hamada, 
Hayashi, et al., 2004; Kim et al., 1995; Vanderthommen et al., 
2003). We thus considered that limited numbers of motor units 
with high recruitment thresholds and fast-twitch/glycolytic type 
II muscle fibers were recruited following NMES in this study. 
This would also be supported by nonsignificant differences in 
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the increments of oxygen consumption following NMES in 
VOL+NMES at 50%–100% of VT when compared with the 
net gain in oxygen consumption following NMES (upper panel 
in Figure 3). In the case that motor units with low-mid recruit-
ment thresholds are mainly recruited following NMES like a 
voluntary contraction following the size-principle (Henneman 
et al., 1965), differences in oxygen consumption between 
VOL+NMES and VOL at low voluntary exercise intensities 
should be smaller than the net gain of NMES because of the 
overlapping recruitment of motor units with lower recruitment 
thresholds. Theoretically, motor units with high recruitment 
thresholds and fast-twitch muscle fibers are preferentially ac-
tivated during NMES because their larger nerve axons have a 
much lower electrical resistance for a given externally applied 
electric current (Clamann et al., 1974). This electrophysiologi-
cal theory was supported by enhancements of glucose and an-
aerobic metabolism during NMES compared with voluntary 
exercises in humans (Hamada, Hayashi, et al., 2004; Hamada 
et al., 2003; Kim et al., 1995; Vanderthommen et al., (1985). 
2003) and by an experiment involving an intramuscular elec-
tromyography technique in human skeletal muscle (Hamada, 
Kimura, et al., 2004). On the other hand, it has been pointed 
out that this “reversal of the size-related orderly motor unit re-
cruitment” is only imposed by nerve stimulation and NMES 
applied via the skin surface inducing random and spatially fixed 
recruitment of motor units (Gregory & Bickel, 2005; Jubeau 
et al., 2007; Maffiuletti et al., 2011). These opinions are sup-
ported by glycogen depletion in all muscle fiber types during 
NMES (Johnson et al., 2003) and muscle hypertrophy in both 
type I and II fibers following NMES intervention (Natsume 
et al., 2018). Also, interindividual variations in the order of 
motor unit recruitment during NMES were reported in humans 
on measuring the conduction velocity of motor unit action po-
tentials: a similar recruitment order between NMES and vol-
untary contraction was shown in 23 cases and a reverse order 
was noted in 9 cases (Knaflitz et al., 1990). From these previ-
ous studies, we suggest that the motor unit recruitment pattern 
during NMES is markedly different from that during voluntary 
exercises and may vary depending on NMES procedures or ma-
terials and participants' characteristics. Although it is difficult 
to identify the detailed motor unit recruitment patterns during 
the exercises, we concluded that motor units with high recruit-
ment thresholds were recruited following the superimposing of 
NMES in the present study based on the results of oxygen con-
sumption, the blood lactate concentration, and RER.

The blood lactate concentration and RER were signifi-
cantly increased by superimposing NMES onto the voluntary 
pedaling exercise at various exercise intensities (middle and 
lower panels in Figure 2). These findings support the results 
of previous studies (Watanabe et al., 2014, 2019) and could 
reflect the recruitment of motor unit/muscle fibers contribut-
ing to glucose metabolism. However, at 50% of VT, there was 
no significant difference in the blood lactate concentration 

between VOL and VOL+NMES (middle panel in Figure 2), 
and the increase in the blood lactate concentration during 
VOL+NMES was significantly lower than the net gain in the 
blood lactate concentration induced by NMES (lower panel 
in Figure 3). Since RER for VOL+NMES was significantly 
greater than that for VOL at 50% of VT (lower panel in 
Figure 2), glucose/anaerobic metabolism would be enhanced 
by superimposing NMES. Both the production and consump-
tion of lactate in metabolic systems are reflected in the blood 
lactate concentration, and lactate can be utilized as an energy 
source by skeletal muscles for aerobic exercises (Brooks, 
1986; Stainsby & Brooks, 1990). We, therefore, considered 
that the utilization of lactate as an energy source for voluntary 
pedaling exercise lessened the increase in the blood lactate 
concentration following the superimposing of NMES during 
low-intensity voluntary exercises, such as 50% of VT. This 
unique lactate metabolic circuit induced by the combined ap-
plication of voluntary exercises and NMES may be useful as 
physical training for athletes who need to metabolize lactate 
during athletic events, such as endurance races or intermittent 
ball games. No significant changes in RPE would be also one 
of the advantages of the combined application of voluntary 
exercises and NMES for physical training. The increase in 
the blood lactate concentration at 125% of VT was signifi-
cantly greater than those at 50% and 75% of VT (Figure 3). 
This may indicate that lactate consumption during voluntary 
exercise is restricted, and the amount of lactate production 
could exceed that of consumption at 125% of VT. In the 
present study, even at a high exercise intensity, the increases 
in the blood lactate concentration following the superim-
posing of NMES onto the voluntary pedaling exercise were 
not significantly greater than the net gain in the blood lac-
tate concentration induced by NMES (lower panel in Figure 
3). Therefore, an increase in glucose/anaerobic metabolism, 
which was observed in the present study, could be a simple 
summation of metabolic responses to voluntary exercise and 
NMES, and not the result of the augmentation or accelera-
tion of glucose/anaerobic metabolism induced by combining 
voluntary exercises and NMES. While we could not test the 
interaction of NMES and exercise intensity in RER because 
of the limitation of statistical analysis, significant differences 
in RER between VOL and VOL+NMES were detected at the 
lowest and highest exercise intensities (lower panel in Figure 
2). These results of RER can be interpreted as follows: the 
glucose/anaerobic metabolism is enhanced regardless of the 
given exercise intensity.

PRACTICAL APPLICATIONS

The present study discovered unique metabolic responses 
during the combined application of voluntary exercises and 
NMES with changes in given voluntary exercise intensity. As 
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increase in voluntary exercise intensity, increments in oxygen 
consumption and blood lactate concentration following the su-
perimposing of NMES were decreased and increased, respec-
tively. Also, increments in oxygen consumption following the 
superimposing of NMES were significantly lower than the net 
gain in oxygen consumption following NMES when volun-
tary exercise intensity exceeds the anaerobic thresholds, sug-
gesting that overlapping recruitment of motor units between 
voluntary exercises and NMES at higher exercise intensity. 
This unique metabolism may be able to apply to a new type of 
exercise and we recommend using it at the voluntary exercise 
intensity under the anaerobic threshold in order to maximize 
the benefit for additional metabolic responses.

6  |   CONCLUSION
We tested the effect of voluntary exercise intensity on meta-
bolic responses on the combined application of voluntary ped-
aling exercise and NMES. Our study confirmed that oxygen 
consumption, the blood lactate concentration, and RER were 
increased following superimposing NMES onto voluntary ped-
aling exercise at various exercise intensities. Also, the incre-
ments in oxygen consumption following the superimposing of 
NMES are decreased on exceeding the anaerobic threshold in 
given voluntary exercises. These results suggest that the meta-
bolic responses during the combination of voluntary exercise 
and NMES are influenced by the voluntary exercise intensity, 
and a higher voluntary exercise intensity, such as that exceed-
ing the anaerobic threshold, may be of reduced benefit for 
additional metabolic responses due to the overlapping recruit-
ment of motor units between voluntary exercises and NMES.
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